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ABSTRACT
Context. The Rosetta spacecraft made continuous measurements of the coma of comet 67P/Churyumov-Gerasimenko (67P) for more
than two years. The plasma in the coma appeared very dynamic, and many factors control its variability.
Aims. We wish to identify the effects of solar flares on the comet plasma and also their effect on the measurements by the Langmuir
Probe Instrument (LAP).
Methods. To identify the effects of flares, we proceeded from an existing flare catalog of Earth-directed solar flares, from which a new
list was created that only included Rosetta-directed flares. We also used measurements of flares at Mars when at similar longitudes
as Rosetta. The flare irradiance spectral model (FISM v.1) and its Mars equivalent (FISM-M) produce an extreme-ultraviolet (EUV)
irradiance (10-120 nm) of the flares at 1 min resolution. LAP data and density measurements obtained with the Mutual Impedence
Probe (MIP) from the time of arrival of the flares at Rosetta were examined to determine the flare effects.
Results. From the vantage point of Earth, 1504 flares directed toward Rosetta occurred during the mission. In only 24 of these, that is,
1.6%, was the increase in EUV irradiance large enough to cause an observable effect in LAP data. Twenty-four Mars-directed flares
were also observed in Rosetta data. The effect of the flares was to increase the photoelectron current by typically 1-5 nA. We find little
evidence that the solar flares increase the plasma density, at least not above the background variability.
Conclusions. Solar flares have a small effect on the photoelectron current of the LAP instrument, and they are not significant in
comparison to other factors that control the plasma density in the coma. The photoelectron current can only be used for flare detection
during periods of calm plasma conditions.
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1. Introduction
Solar flares can have significant effects on planetary atmospheres
because the X-ray increase can heat up the thermosphere and the
extreme-ultraviolet (EUV) increase can boost the ionization rate
in the ionospheres (e.g., Tsurutani et al. 2009; Mendillo et al.
2006; Thiemann et al. 2015; Lee et al. 2018). For low- and
intermediate-activity comets with atmospheres of low neutral
density compared to planets, flares are expected to mainly affect
processes that are governed by the EUV radiation, such as ion-
ization of neutrals and photoelectrons emitted from illuminated
surfaces. The study presented in this paper is therefore aimed at
determining both the efficiency of solar flares as a transient so-
lar forcing mechanism on cometary ionospheres and their effect
on the photoelectron emission from the Langmuir Probe Instru-
ment (LAP). This study is complementary to previous studies
of other types of transient solar forcing, for instance, solar wind
pressures pulses such as coronal mass ejections (CMEs) or coro-
tating interaction regions (CIR), which have been shown to have
large effects on the plasma environment of comet 67P (Edberg
et al. 2016b,a; Hajra et al. 2018; Noonan et al. 2018; Goetz et al.
2018). The results will also complement the understanding of the
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variability of a cometary plasma environment, which is affected
by a number of short-time scale processes (minutes to hours) that
include, for example, cometary outbursts (Grün et al. 2016; Ha-
jra et al. 2017), the changing amount of cold plasma (Eriksson
et al. 2017; Engelhardt et al. 2018), plasma waves (Volwerk et al.
2016; André et al. 2017), and transient structures in the magnetic
field, such as current sheets and the diamagnetic cavity (Volwerk
et al. 2017; Goetz et al. 2016).
Solar flares originate in the solar corona, typically close to
sunspots. They are believed to be created as a result of mag-
netic reconnection, which accelerates and heats plasma particles.
As the accelerated particles follow magnetic field lines down to
their footprints in the photosphere, they eventually lead to severe
heating through collisions with the denser plasma farther down
in the solar atmosphere, and the plasma wells up. This plasma
then fills the coronal loops and cools down, whereas the par-
ticles loose parts of their energy by emitting radiation at EUV
as well as X-ray wavelengths (e.g., Thiemann et al. 2018). The
X-ray radiation typically comes first, and as the plasma cools
further, the EUV radiation follows, with a time delay of up to
tens of minutes (Thiemann et al. 2017a). The radiation from a
flare is isotropic (because of the free-free emission process) and
spreads hemispherically; it hits any celestial body in sight, that
is, a body located in the same hemisphere. Because the coronal
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structure is dense, some limb darkening of flares can occur when
they originate from regions that lie far out on the limb of the
Sun, such that they have to pass through some of the solar atmo-
sphere. This mainly affects those parts of the EUV wavelengths
(∼25-120 nm) where emission lines and continua are optically
thick (Qian et al. 2009; Thiemann et al. 2018).
The Rosetta spacecraft arrived at comet 67P in 2014. At slow
walking pace (∼m/s), it investigated the near nucleus neutral and
plasma environment for two years, following the comet through
its perihelion passage and outward in the solar system again. The
trajectory of Rosetta around the nucleus varied throughout the
mission such that it spanned large portions of the cometary lat-
itudes and longitudes as well as solar zenith angles (although
never in eclipse behind the comet). As 67P is an intermedi-
ately active comet with a gas production rate of ∼ 1025 − 1029
s−1 (Hansen et al. 2016), the neutral density at Rosetta’s lo-
cation never became optically thick to EUV or X-rays, for in-
stance. Throughout the mission, the neutral and plasma density
at Rosetta varied by many orders of magnitude, spanning some
106 − 109 cm−3 and 101 − 104 cm−3, respectively (e.g., Heritier
et al. 2018).
Because a solar flare is a frequent phenomenon on the Sun,
several can be observed each day if the active region on the Sun
is favorably directed (Veronig et al. 2002). There is also a so-
lar cycle dependency such that they are more frequent at solar
maximum and less so during solar minimum. The Rosetta space-
craft arrived at the comet in 2014 shortly after solar maximum,
and it stayed in orbit until October 2016 during the declining
phase of solar cycle 24. Unfortunately, the number of sunspots
during this cycle was unusually low and relatively few intense
flares occurred. The intensity of solar flares varies from case to
case, and the emitted power spans several orders of magnitude
from the weakest to the most intense flares. The classification
scheme commonly used is based on the peak flux of X-rays in
the wavelength interval 0.1-0.8 nm, as measured by the Geosta-
tionary Operational Environmental Satellite (GOES) spacecraft.
The different categories B, C, M, and X indicate if the magni-
tude of the peak flux is greater than 10−7, 10−6, 10−5 , and 10−4
W/m2, respectively. However, there is not a simple relation be-
tween the intensity in X-ray emission and the emission in EUV,
meaning that this classification is not necessarily appropriate for
the EUV part of the flare, that is, to evaluate the efficiency of
the flare in terms of ionization. This has implications for char-
acterizing a planetary body’s response to solar flares. For exam-
ple, Le et al. (2012) showed that flare-induced neutral density
enhancements in Earth’s upper atmosphere were approximately
twice better correlated to peak 26-34 nm EUV irradiance than to
peak 0.1-0.8 nm soft X-ray irradiance.
In the following Section 2 we describe the relevant instru-
ments on Rosetta, in Section 3 we describe how solar flares
are measured at Earth and Mars, and in Section 4 we present
a number of observations of flares, as well as non-detections, at
Rosetta. We conclude the paper with a discussion followed by
our conclusions.
2. Rosetta instruments
There is no dedicated solar flare monitor on Rosetta, but an esti-
mate of the integrated EUV flux reaching the spacecraft is possi-
ble to obtain from the LAP instrument by measuring the amount
of photoelectrons coming off it when illuminated by sunlight
(Eriksson et al. 2007; Johansson et al. 2017). The LAP instru-
ment consists of two TiN coated spherical Langmuir probes of
radius 2.5 cm, mounted on stubs on booms that extend approx-
imately 2.2 and 1.6 m away from the spacecraft, respectively.
In the most commonly used mode, a bias voltage is applied to
the probe and depending on the sign of the probe potential, free
electrons or ions in the ambient space are attracted or repelled.
The bias potential can either be swept in voltage steps, from a
maximum of -32 to +32 V at a cadence of ∼ 1-3 min, or be set
to a fixed value whereby the current can be collected at a higher
time resolution; we used 32 s here.
When the probe is sunlit, photoelectrons are emitted from the
TiN surface. These photoelectrons add to the total current mea-
sured by the probe, and this contribution is proportional to the
integrated EUV flux. To measure the maximum saturated photo-
electron current, Iph0, the probe needs to be negatively charged
with respect to the plasma. Otherwise the emitted photoelectrons
would be attracted back to the probe by the positive potential,
resulting in a decrease of the measured current. The absolute
value of Iph0 can be estimated, for instance, by determining the
change in measured current as the probe moves in and out of
shadow during spacecraft manoeuvres. It can also be estimated
by studying the derivative of the collected current at negative
potential with respect to the bias potential for a collection of in-
dividual sweeps as introduced by Johansson et al. (2017). These
methods are not useful for studying solar flares because their
time-resolution does not extend to minutes. Instead, we need to
use the direct current measurement from the probe and look for
changes that occur over the interval of the flare length. This also
requires that there are no other changes in the plasma density
that would change the collected current. This criterion is unfor-
tunately rarely fulfilled in the very dynamic plasma environment
of comet 67P. Still, we use the current collected at a negative
bias potential here to identify changes in the photoelectron cur-
rent. We can use both the sweep data and the fixed bias poten-
tial measurements as long as the probe potential is negative. The
setting of the fixed bias potential changed throughout the mis-
sion and was at negative values more often toward the later part
of the mission. We could in principle use both of the two LAP
probes for this study, but LAP2 suffered from a probable surface
contamination (Johansson et al. 2017) for large parts of the mis-
sion. Moreover, LAP1 was sunlit most of the time and LAP2 was
more often in shadow, and we therefore only use LAP1 (here-
after LAP) in this paper.
To measure the plasma density, we used the Mutual Impe-
dence Probe (MIP, Trotignon et al. 2006), which more accurately
measures the absolute value of the electron density than the LAP
instrument. MIP is not always capable of measuring the density
when the density is too low. In particular, MIP suffers from a lim-
iting lower threshold in the plasma density below which it cannot
measure. This depends on the operational mode used, however.
3. Measurements of flares
The Rosetta spacecraft followed comet 67P closely for more
than two years, from 2014 to 2016. During this interval, the
GOES spacecraft at Earth recorded about 4500 solar flares, ob-
served in X-ray, of classes B to X. The X-ray fluxes measured by
GOES during the Rosetta mission are plotted in Figure 1a. These
flares were automatically detected, categorized, and cataloged.
We used the Hinode Flare Catalog (hinode.isee.nagoya-u.
ac.jp/flare_catalogue), which has easily retrievable infor-
mation on the flare location on the Sun (latitude and longitude)
(Watanabe et al. 2012). The majority of these flares were not ob-
servable since Rosetta and Earth were separated too far in helio-
centric longitude for a large portion of the two-year interval. The
longitudinal separation between the Earth and Rosetta is shown
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Fig. 1. Time series of (a) GOES measured X-ray irradiance (were each peak corresponds to a flare), (b) Rosetta’s distance to the comet nucleus,
(c) the heliocentric distance of Rosetta, and (d) the heliospheric longitudinal separation between Rosetta and Earth as well as between Rosetta and
Mars. The colored vertical lines at the top indicate the cataloged C, M, and X class flares that were observed at Earth and occurred during the
Rosetta mission, which were also directed such that Rosetta could observe them. Those that were not detectable (ND) because of the geometry
(too far out on the limb of the Sun) are indicated by the black lines.
in panel d. For example, a separation of 180◦ means that Rosetta
and Earth are on opposite sides of the Sun, and a separation of 0◦
or 360◦ means that they are at the same longitude. Rosetta and
Mars were closer in longitude more often than Rosetta and Earth
during this interval. From the information on the solar flares’
location on the Sun we can determine which of them could be
observed by Rosetta from a geometrical point of view, assuming
that flares radiate isotropically, but not through the Sun itself. To
minimize any limb-darkening effect, we set an arbitrarily chosen
limit that Rosetta needs to be within a solar longitude of ±70◦
from the flare location. We found that a total of 1504 flares of
all classes could be observed. We set no restriction on the flare
location on the Sun as seen from Earth to allow as many solar
flares as possible to be included in our study. However, we can
note that when the same ±70◦ limit is set on the flare location
on the Sun as seen from Earth, the number of observable flares
is reduced to 997, but a few flares are then also missed that have
a clear effect in Rosetta data (see the information on location in
Col. 3 of Table 1).
Throughout large parts of the Rosetta mission, of course
flares occurred on longitudes on the Sun that can not be observed
from Earth, but could be observed by Rosetta. Below we intro-
duce measurements from Mars, which can remedy this situation
somehwat. The flares of classes C, M, or X that are potentially
observable by Rosetta are indicated by vertical lines at the top
of Figure 1a, together with the non-detectable (ND) flares of the
same classes. Geometrically detectable B- class flares are not in-
cluded in Figure 1 because they are too numerous, but they are
included in our further analysis. Flares of class A are not consid-
ered in this paper because they are simply too weak to have an
effect, as we realized in a by-eye inspection of several events. As
we show later, not even the B-class flares are intense enough in
EUV irradiance to cause an observable effect in Rosetta data.
While X-ray flares are important for planetary atmospheres,
this does not hold for the cometary coma of 67P, which is op-
tically thin at these wavelengths. Similarly, the material on the
Langmuir probe (TiN) provides a significant photoelectron yield
for EUV wavelengths, but not for X-rays (Johansson et al. 2017).
It is therefore more important to obtain an accurate measure of
the EUV irradiance during a flare, rather than the X-ray compo-
nents. Adequate measurements of the full EUV spectra at a high
cadence are, however, not always available. Below we describe
the various measurements and estimates of the EUV spectra that
are of interest.
The Solar EUV Experiment on the Thermosphere
Ionosphere Mesosphere Energetics and Dynamics mission
(TIMED/SEE, Woods et al. 2005) measures the EUV irradi-
ance, but high-cadence data are only obtained during 3 min
every orbit around Earth (∼100 min), which captures some
flares, but not all. The Solar Dynamics Observatory carries
the Extreme Ultraviolet Experiment (SDO/EVE), whose EUV
measurement cadence and spectral resolution are high enough,
but only during 3h per day for the 34-106 nm channel, while the
6-37 nm wavelength channel made measurements continuously.
In addition, after 2014, SDO could not measure short-ward
of 34 nm as a result of an instrument failure. The Solar and
Heliospheric Observatory (SOHO) mission, in orbit around
Earth’s L1 Lagrange point, carries the Solar EUV Monitor
(SEM) instrument, which measures the solar flux at high
time-resolution (1 min), but only at certain wavelengths (Judge
et al. 1998). It can hence be used to confirm the presence of a
flare and the timing of the EUV peak at that wavelength, but
cannot determine the total irradiance.
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To compensate for the lack of adequate high time-resolution,
continuous monitoring, and high spectral resolution EUV mea-
surements, we used the flare irradiance spectral model version
1 (FISM v.1, Chamberlin et al. 2008). FISM v.1 is an empirical
model that uses the GOES 0.1-0.8 nm irradiance measurements
and their time-derivative as proxy for flares and is also calibrated
to measurements from TIMED/SEE and the Solar Stellar Irradi-
ance Comparison Experiment (SOLSTICE) on the Upper Atmo-
spheric Research Satellite (UARS) for some flares that were cap-
tured during the high-cadence measurements (Chamberlin et al.
2008). For a full description we refer to that paper, but we can
only mention that the model provides continuous estimates of
the irradiance in the range 0.1-190 nm at a 1 min resolution. The
accuracy of the FISM v.1 model is wavelength dependent, but
the error in estimated irradiance is at least lower than 40% above
14 nm (Chamberlin et al. 2008).
The Mars Atmosphere and Volatile Evolution (MAVEN)
mission has been in orbit around Mars since late 2014 and be-
yond the mission end of Rosetta. As Mars and Rosetta followed
each other in solar longitudes during large parts of the Rosetta
mission, MAVEN can provide some additional measurements of
flares that are detectable at 67P. MAVEN carries the EUV Mon-
itor (EUVM), which measures at a cadence that is high enough,
but only at certain wavelength bands (0.1-7 nm, 17-22 nm, and
121.6 nm, see Eparvier et al. 2015). Because the MAVEN space-
craft is in an elliptical orbit around Mars and therefore regu-
larly dives into the Martian ionosphere and upper atmosphere,
as well as intermittently shifting EUVM’s pointing away from
the Sun, it only measures the solar EUV flux ∼63% of the
time. Similar to the FISM v.1 model, the FISM-Mars (FISM-M)
model was developed. FISM-M is based on the EUVM measure-
ments from MAVEN and is calibrated against flares captured by
SDO/EVE. Similar to its predecessor FISM v.1, FISM-M pro-
vides estimates of the EUV irradiance during solar flares at a
1 min cadence and in the interval 1-190 nm (Thiemann et al.
2017b). Furthermore, the Stereo-A satellite is capable of EUV
imaging and thereby detecting flares, but the flare catalog gen-
erated by that mission ended in 2012 and will not be updated
in the near future (M. Aschwanden, private communication). In
summary, by combining the FISM v.1 and FISM-M estimated
EUV irradiance with X-ray measurements from GOES and EUV
measurements from SOHO and MAVEN, we can reliably deter-
mine which flares Rosetta was exposed to, and what their inten-
sities were. The data from TIMED/SEE, SDO/EVE, and FISM
v.1 can be found at http://lasp.colorado.edu/lisird/,
the SOHO/SEM data at https://dornsifecms.usc.edu/
space-sciences-center/ , and the FISM-M data are avail-
able through the NASA Planetary Data System (PDS) https:
//pds-ppi.igpp.ucla.edu/search/?sc=MAVEN&i=EUV.
As Rosetta followed the comet, it traveled from a heliocen-
tric distance of about 4 AU, passed perihelion at 1.25 AU, and
proceeded outward in the solar system to about 4 AU again (Fig-
ure 1b). We thus have to correct the irradiances in the FISM
models for the change in heliocentric distance, assuming a sim-
ple 1/r2 relation (from Earth to Rosetta for FISM v.1 and from
Mars to Rosetta for FISM-M). At the same time, the trajectory
of Rosetta spanned distances of ∼10-1500 km to the nucleus, as
is shown in Figure 1c. The observed neutral density and the level
of dynamics in the plasma environment at the location of Rosetta
thus vary with both heliocentric distance and cometocentric dis-
tance, and affect how easy or difficult it is to detect a flare in the
Rosetta LAP data, which we discuss further below.
In Figure 2a we show the increase in the FISM v.1 solar irra-
diance, corrected for heliocentric distance, for each of the 1504
Earth- and Rosetta-directed flares. The increase is calculated as
the peak value of the irradiance during the flare minus the 5min
average immediately before the flare was initiated. Panel b shows
the percentage change of the irradiance during each flare. We
have highlighted seven intervals (A-G) when several flares with
large increases in EUV irradiance occurred. When Figure 1 and
2 are compared, it can be seen that the largest increases in the
X-ray irradiance do not necessarily correspond to the largest in-
creases in EUV irradiance, although there is a relation. It is there-
fore not very meaningful to use the GOES A, B, C, M, and X
categories for studies of flares when the EUV wavelengths are
of importance, such as for comets and photoelectron currents of
Langmuir probes. Figure 3 shows the relation between the X-
ray (from GOES) and EUV irradiances (from FISM v.1) for all
flares that occurred during the Rosetta mission. A trend is visi-
ble (EUV ∝ log(X-ray)), but the scatter is also large enough to
make the predictions of how the EUV changes depending on the
X-rays uncertain.
4. Flares observed by Rosetta
A first simple by-eye inspection was conducted of all 1504 flares
directed toward Rosetta to determine which effects the flares
might have on both the plasma density and the LAP photoelec-
tron current. This revealed that few flares showed any clear, or
large, effects at all. No obvious plasma density increases were
found, and only minor changes to the photoelectron current were
observed in conjunction with most flares. In the following sec-
tion we therefore show several detailed examples of when we
did see effects and examples of when we did not see any clear
effects. All flares that we did see effects from in Rosetta data
occurred during the highlighted intervals in Figure 2, which ac-
centuates that the increase in EUV flux is of importance (the
intervals were selected by eye based on the high-percentage in-
crease of some of the flares within those intervals). On the other
hand, not all high EUV flares are observed to cause any effects at
67P and Rosetta. The presented cases represent the clearest and
largest effects that we were able to find in our survey.
Figure 4 shows six examples of flares and their effect in
Rosetta data from interval A. By eye, we identified effects in
the photoelectron current in the three cases to the left and see
no clear effects in the three cases to the right. The top panels
show the FISM v.1 data with the magnitude scaled but not time-
shifted from Earth to Rosetta. The onset of each flare at Earth is
indicated by the black vertical line. The second panels show LAP
sweep measurements from mainly the negative biased part, that
is, when the probe potential is biased to negative voltages such
that positive ions are collected and electrons, including emitted
photoelectrons, repelled. We recall that a change to higher neg-
ative values (darker blue) in the collected current means an in-
crease of emitted electrons (or attracted ions). In the lower pan-
els we plot the negative of this current, at the maximum negative
bias voltage during the specific interval. The maximum negative
bias voltage is often -30 V, but in the top two cases to the right in
Figure 4, it only reaches -18V, for instance. The fixed bias volt-
age was set to positive values in these intervals and therefore was
not useful for tracking the photoemission. The scales on the axes
are shifted between each case. Keeping the same scale is not pos-
sible because the overall plasma conditions change throughout
the mission. The black vertical lines in panels 2 and 3 indicate
the expected arrival of each flare when it is time-shifted by the
Earth-Rosetta distance divided by the speed of light. This time
shift varies between about 2 and 40 min throughout the mission,
depending on the relative positions of Earth and Rosetta.
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Fig. 2. Increase in EUV irradiances (10-120 nm) for all Rosetta-directed flares plotted in (a) absolute values and (b) as percentage changes. The
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The examples in the left column in Figure 4 show that at the
expected arrival time of the solar flares, an increase in the LAP
photoelectron current is indeed observed. The collected current
increases by typically a few nA for an EUV increase of ∼0.1
mW/m2. The effect is hence quite modest. The effect is clearest
in the uppermost example and less so in the lower two exam-
ples. The observed increase in current is shorter in time than the
duration of the flare, which can be interpreted as that the EUV ir-
radiance apparently needs to overcome a certain threshold value
to cause an effect. However, this is not very clear, and consid-
ering the overall uncertainties, this cannot be determined accu-
rately. To the right, three flares with apparently similar EUV in-
tensities show no apparent increase in the photoelectron current
that stands out from the overall fluctuations. The top right exam-
ple, from 19 October 2014, is an X-class flare that was seen to
make a significant effect at Mars (Thiemann et al. 2015; Peter-
son et al. 2016). At the comet, however, it is hard to distinguish
any increase in the measured current (or density from LAP - not
shown) that stands out from the rest of the variations. There is a
possible peak just after 05:00 UT, but it is very narrow compared
to the broad flare and occurs before the main peak of the flare
would have arrived at 67P. There are also similar sized peaks at
04:40 and 07:00 UT, which makes us reluctant to identify this
as an effect of the flare. However, it could still be that the peak
just after 05:00 UT is an effect of the flare, but it does in any
case not stand out in relation to other variations in the plasma
environment. There are also errors in the timing of the FISM v.1
model, which could explain why the current peak occurs before
the expected flare peak.
In the lower right two examples it is even harder to find any
response to the flare within; the reason is somewhat unclear. The
LAP probe is not in shadow, it is operated in a similar mode, the
spacecraft potential is still negative, and the flares occurred on
solar longitudes in view of Rosetta (although some limb dark-
ening could still occur). The lower right example is interesting
because of the large effect seen at 18:00-18:30 UT, which is of
similar duration as the flare seen in the FISM v.1 data. This is,
however, too late to be caused by the solar flare itself if the tim-
ing is correct. The explanation for this particular signature in
LAP data rather seems to be the solar wind CIR that impacted
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Fig. 4. Six examples of flares and their effects, and lack of observable effects, in Rosetta data. In each of the six cases the top panels show FISM
v.1 irradiance, and the middle panels show LAP sweeps, where the collected current is color-coded and the applied bias voltage is indicated on the
vertical axis. The lower panel shows the current from the maximum negative bias voltage from the sweeps. A change in current is due to a change
in either plasma density or photoelectron emission. The black vertical line in the top panel indicates the onset of the flares at Earth, and in the
lower two panels, this line has been time-shifted by the speed of light travel time from Earth to Rosetta. The scales on the axes change between all
six examples. In the lower right example we have added the X-ray irradiance at 0.1-0.8 nm from GOES (black, in units of 1010cm−2s−1) as well as
EUV fluxes at 1-50 nm from SOHO (gray, in units of mWm−2) to show an example of the timing of the same event in different wavelength bands.
on the comet (Edberg et al. 2016b), which caused generally large
plasma disturbances (higher density and more fluctuations). The
eventual solar flare signature could simply have drowned in the
otherwise dynamic plasma interaction. We show additional ex-
amples like this in the next figures.
The timing of the flares in the FISM v.1 flare model is based
on GOES X-ray data, and the EUV irradiance peak of the flare
can occur several tens of minutes after the X-ray peak (Thiemann
et al. 2017a). We therefore checked the timing of our events
using SOHO EUV and SDO/EVE EUV high-cadence measure-
ments. For the event from 7 November 2014 (lower right in Fig-
ure 4), the time difference between the FISM v.1 EUV peak, the
SOHO peak, and the X-ray peak are no more than a few minutes,
as the plot shows. We also checked the timing of all other exam-
ples, which we presented below, and we browsed through all of
the 1504 events to make sure that we searched for signatures at
the correct time.
From inspection of interval A, we direct the focus to interval
D since that occurred during an interval when Rosetta was at
a distance of up to 1500 km from the nucleus (known as the
"dayside excursion" (Mandt et al. 2016)) and the local neutral
and plasma density was relatively low. Fortuitously, a burst of
intense flares occurred in this interval, which is shown in Figure
5. From this interval, the six largest flares are indicated by black
vertical lines. Upon arrival of the flares at the comet, the current
measured by LAP clearly increased for all of these events. The
current increase is seen in the sweep measurements in panel 2
as the color becomes darker blue, as well as in panel 3. For this
interval we also measured the ion current when it was at a fixed
negative bias voltage (blue dots). These blue dots have a higher
time-resolution (downsampled to 32 s shown here) and capture
the flares better. A clear peak is seen at the arrival of each flare.
The first two flares in this interval, at about 03:00 and 05:00
UT, are harder to identify since the LAP instrument was in a
different mode with lower time resolution, and it did not measure
at a fixed negative bias voltage. The sweeps indicate a possible
jump of about 1-2 nA, slightly above the level of the overall
fluctuations, when these flares hit. The next four flares indicted
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by the black vertical lines are somewhat clearer for identifying
effects, and the 1-2 nA increases stand out, especially in the ion
current (blue dots). However, there are also peaks in the LAP
current that are not connected to a flare reported by FISM v.1
(e.g., at about 14:40 and 15:20 UT), and some smaller flares exist
that are not indicated by black vertical lines but may also cause
an increase in the photoelectron current (e.g., at 06:20 and 09:30
UT). The flare at 17:45 UT occured during a spacecraft attitude
manoeuvre, which could affect the plasma density measurement,
and was therefore disregarded.
Figure 6 shows in the same way as in the previous Figure
4 six further examples of flares and their possible signatures in
Rosetta data. These events are now from intervals B and C in
Figure 2. At this time, 67P was closer to perihelion and there-
fore more active. This is visible by the more variable and higher
currents measured by LAP throughout the interval, for exam-
ple. Fluctuations on the order of 10 nA are common in the data,
which are much higher than the effects that flares caused during
the less active phase. In these intervals we can only with diffi-
culty pick out these six examples as the best cases for possible
flare effects. Following each flare, there is a sudden increase ob-
served in the measured current, but the difficulty is of course
to separate them from the signatures of an otherwise dynamic
plasma. From the positive detection of flares in Figure 4 we can
assume that the current increase due to similarly sized flares
should be approximately the same, but for most cases in these
six examples, the current increase is larger than in the previous
examples, ∼10 nA compared to ∼1 nA. This could mean that the
flare also causes an increase in the plasma density. The electron
density is measured by MIP and included in the fourth panel. We
recall that the current measured by LAP is the sum of all possi-
ble contributing currents, such as the photoelectron current and
the ion current from the ambient plasma. There is typically an in-
crease in the MIP density during all events in Figure 6. However,
there are also similarly sized density increases before as well as
after, which are not linked to any flare. This makes it difficult to
argue that the density increases are caused by flares rather than
unrelated plasma dynamics. The large number of flares makes it
somewhat probable that some flares would occur coincident with
a density increase but that there is no clear causal connection.
There are also flares in this interval of the same size, but they
cannot be linked to any density increase. The lower left event
stands out from the rest as there are large density fluctuations af-
ter the flare, which apparently start to appear upon impact. This
flare also lasts longer than average.
Finally, Figure 7 shows the best events that we could select
from intervals E, F, and G. Now the local plasma dynamics is
again more modest and the signatures in the LAP current due to
a flare are easier to pick out. The lower right example illustrates
when it is questionable if there is an effect at all. There is a weak
increase in the current at the right time at 15:40, but it does not
stand out significantly from the overall variability. The lower left
example is potentially more interesting. There is a large increase
in both density and current following the two flares in this ex-
ample. The plasma environment in this interval is strongly mod-
ulated by the rotation of the comet nucleus. As the comet rotates
with a period of ∼12 h, it will face a more active region toward
Rosetta twice per rotation, and the local plasma density conse-
quently changes together with the neutral density (not shown)
(Edberg et al. 2015; Odelstad et al. 2015). The two flares both
occur during maximum of these plasma variations, separated by
12h. These two flares are similar in magnitude, but the first is
considerably shorter than the second. The apparent response of
the plasma environment is also quite different. The second flare
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Fig. 6. Six additional examples of flares from interval B and C in Figure 1. The format is the same as in Figure 4, but we have added a fourth panel
to each example showing the electron density measured by MIP, which was available or these intervals.
seems to generate a current increase of ∼6 nA and the density
increases by a factor 2, from 500 to 1000 cm−3, while the first
flare does not seem to cause any effect at all above the gradual
change that is due to the nucleus rotation. The effect of the sec-
ond flare is comparable to those presented in Figure 6 during the
more active phase of the comet.
In Table 1 we have listed all 24 of the individual flares of
which we observe effects. We also include the three flares that
were shown in Figure 4 and that did not give any noticeable
effect. Not all events listed in the table are shown in plots in
this paper. The increase in EUV irradiance and photoelectron
current (Iph0) is determined from the plots as the peak value mi-
nus the value immediately before the flare. For the photoelectron
current, this is somewhat difficult in many cases because of the
overall variability. The photoelectron current is estimated from
either the sweep values or, when available, the current measured
at a fixed bias-voltage of -30 V. The flares that were harder to
separate from the ambient plasma variability, shown in Figure 6,
are indicated by italics. In this group we also include the bottom
two examples from Figure 7.
The effects of flares on the photoelectron current from LAP
are also shown in Figure 8 (left panel) where the measured in-
crease in LAP photoelectron current is plotted as a function of
increased EUV irradiance from the FISM v.1 model. The right
panel of Figure 8 is discussed further below. The data points are
divided into whether they were easily identified ("clear") or diffi-
cult ("uncertain"), corresponding to those written in upright font
or italics in Table 1. There is a trend for the clear events that the
photoelectron current increases linearly with increasing EUV ir-
radiance. A least-squares fit to the points is also included and is
indicated by the black line. This fit does, however, not go through
the origin, which one might expect. It is non-physical that a flare
of 0 EUV irradiance increase would yield a photoelectron cur-
rent increase at all, and the fit is clearly not perfect. The goodness
of the fit, indicated by the coefficient of determination R2 = 0.53,
is rather poor and there is therefore little statistical evidence for
such a linear relation. One plausible explanation for it not go-
ing through the origin is that our selection is biased for low
EUV flares: when the photoelectron current increase is not large
enough to take it above the level of the ambient plasma fluctua-
tions, we fail to see it. This will cause an over-representation of
flares with larger effects for low EUV values, and hence the fit
has a smaller slope than it should. It could also be that the trend
is not linear throughout the interval, or perhaps more likely, that
there are errors in the estimate of both the photoelectron current
and irradiance, which makes the fit uncertain: the error in the
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Fig. 7. Seven additional examples of flares from interval E, F, and G in Figure 1. The format is the same as in the previous figures.
FISM v.1 EUV values is roughly 40% and the error in the LAP
current increase is estimated to be of similar size.
The uncertain events (blue dots) also show an approximately
linear relationship between EUV and photoelectron increase, but
with a higher offset in current and a larger spread in the data.
The fitted line does not go through the origin in this case either
and R2 = 0.41 for this fit, making it quite uncertain. The error
in estimating the increase in photoelectron current is harder in
these cases because the overall variability in the plasma is larger.
5. Mars-directed flares
Because we have relatively few events that we could identify
from Earth-directed flares, we also included Mars-directed flares
in our study. At Mars, we only have measurements from the
EUVM instrument on MAVEN, which is incorporated into the
FISM-M model. We do not have information on the location on
the Sun where the flares emanated. This means that when Rosetta
and Mars are separated in heliospheric longitude, we cannot be
certain that a flare that is seen at Mars also hits Rosetta. We there-
fore cannot obtain reliable statistics on what percentage of flares
observed in FISM-M were also seen in Rosetta data. Further-
more, from FISM-M we only obtain irradiance data when the
pointing of MAVEN is favorable and when it is not inside the in-
duced magnetosphere of Mars. This causes some intermittency
in the data and decreases the number of possible events that can
be detected. A list of Mars-directed flares has been assembled by
the MAVEN science team, but as this list is not comprehensive,
we instead manually searched the FISM-M data for all possible
flares. Using first an automatic peak finding algorithm, we found
around 1000 peaks in the data. Not all of these were necessar-
ily solar flares, but they might rather be any type of peak in the
data (including stray data points). We then manually browsed
through all events to identify flares that caused any visible effect
in Rosetta data. Twenty-four events were found, coincidentally
the same number as for the Earth-directed flare, which were sim-
ilar to the events shown in Figures 4, 6, and 7 in terms of increase
in photoelectron current amplitude and duration and a negligible
effect on the plasma density. These 24 Mars-directed flares are
listed in Table 2, and 6 examples are shown in Figure 9. Some of
them overlapped with the Earth-directed events found in FISM
v.1 data and are also included in Table 1. In the same way as be-
fore, we plot the increase in photoelectron current as a function
of irradiance increase for all 24 events in Figure 8 (right panel).
A least-squares fit is added, which is similar to the Earth-directed
flares, but the accuracy of the fit is too poor (R2 = 0.1) for it to
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Table 1. 24 flares observed to cause a noticeable effect at Rosetta, as well as 3 flares that did not show any effect. The information on the GOES
class and the location on the Sun are taken from the Hinode flare catalog. The flares that were harder to separate from the ambient plasma variability
are written in italics. The dashes indicate that no information is available (e.g., not seen at Mars in the FISM-M model, or that no effect was seen).
The time information refers to the observations at the GOES satellite.
Date and Time (UT) GOES Class Location ∆EUV [mW/m2] ∆EUV [mW/m2] ∆Iph0 [nA]
on Sun FISM v.1 FISM-M LAP
24 Aug 2014 12:00 M5.7 S09E76 0.08 - 1.2
17 Oct 2014 15:35 C6.7 S15E79 0.03 - 1.5
19 Oct 2014 15:20 X1.1 S14E64 0.05 0.03 -
20 Oct 2014 09:01 M3.9 S14E42 0.06 0.02 1.8
22 Oct 2014 01:17 M8.7 S13E21 0.09 0.03 -
05 Nov 2014 09:26 M7.9 N20E68 0.08 - 1.5
07 Nov 2014 16:53 X1.6 N14E36 0.15 - -
14 Jun 2015 00:52 M2.0 N14W73 0.29 0.03 3.0
21 Jun 2015 09:26 M3.8 S21W57 0.45 - 10
25 Jun 2015 08:03 M7.9 N09W42 0.35 - 21
28 Jun 2015 02:43 C8.0 S13W59 0.09 - 11
28 Jun 2015 13:05 M2.2 S14W65 0.17 - 11
28 Jun 2015 19:00 M2.1 S13W70 0.26 - 10
29 Sep 2015 03:11 M1.2 S08W78 0.22 0.05 1.1
29 Sep 2015 05:05 M2.9 S21W37 0.25 0.1 2.0
29 Sep 2015 06:35 M1.4 S20W34 0.16 0.02 2.0
29 Sep 2015 11:09 M1.6 S20W39 0.25 0.04 2.3
29 Sep 2015 19:30 M1.1 S20W36 0.21 - 2.2
30 Sep 2015 13:15 M1.1 S23W59 0.15 0.03 2.5
02 Oct 2015 00:06 M5.5 S19W67 0.30 - 3.7
04 Nov 2015 03:20 M1.9 N15W64 0.15 - 2.0
27 Dec 2015 18:59 C2.8 N01W01 0.04 - 1.6
28 Dec 2015 11:22 M1.8 S23W11 0.07 - 6.0
30 Dec 2015 19:05 C1.1 S22W50 0.03 - 1.2
30 Dec 2015 22:42 C4.3 S24W39 0.06 0.02 1.0
13 Feb 2016 15:16 M1.8 N13W25 0.12 0.02 9.0
14 Feb 2016 19:19 M1.0 N15W47 0.07 0.02 5.0
be meaningful. Very few flares with an irradiance increase above
0.1 mWm−2 are found.
6. Discussion
We find that solar flares generally have a weaker effect on
the cometary coma of 67P than other variations in the plasma
(caused by, e.g., variations in the neutral background, the amount
of cold plasma present, plasma waves, and transient structures in
the magnetic field). No clear effect of increased ionization and
plasma density is found, although a few events do show some
increase in plasma density in conjunction with solar flares. How-
ever, these are most often hard to distinguish from the overall
plasma variability. One of the most promising events occurred
on 28 December 2015 at around 12:00 UT when a solar flare
impacted at the same time as a neutral and plasma density peak
occurred (Figure 7). Compared with similar density peaks 12
h earlier, which also coincided with a flare, or 12 h later, the
plasma density was higher by a factor of 2 during this long-lived
flare, even though the neutral density was similar to the one 12
h before and 12 h later, and the flux of high-energy electrons as
measured by the Ion and Electron Sensor (IES, Burch et al. 2007)
did not show any increased values at this time (data not shown).
The long duration should mean that the total amount of energy
deposited is significantly higher, which could be the explanation
for the apparent large effect. However, from the total number
of 1504 Earth-directed flares and several hundred Mars-directed
flares we would by pure chance expect to see some flares during
a coincidental plasma density increase, meaning that we can-
not conclusively determine that the plasma density increase was
caused by the flare in this case either. Larger flares than this are
seen to not cause any noticeable effect. Rather than focusing on
the peak EUV irradiance for each flare, one could also study the
total amount generated by each flare by integrating over the dura-
tion of them. This would, however, not lead to any new detection
of additional flare effects because we have already looked at all
recorded flares throughout the mission.
It should be noted that the likelihood of finding any effect
is strongly dependent on the coma conditions. If there are large
fluctuations in the plasma density caused by the general dynamic
nature in the coma, it would not be possible to observe a sin-
gle short-lived peak in density. If the coma had been signifi-
cantly denser, such that also X-rays would be absorbed in the
coma, we might have seen more effects of flares. We also note
that some limb darkening of flares can occur, especially because
we allowed flares at all longitudes as seen from the Sun to be
included in our study. This effect would reduce the estimated
EUV irradiance at Earth because the flare passes through the
solar atmosphere, and might lead to an underestimation of the
flare intensity. This could add to some of the scatter in Figure 8,
but because we find a similar trend from Mars-directed as from
Earth-directed flares, this does not seem to be a main source of
error.
The lack of clear evidence of plasma response to the in-
creased EUV flux merits some further discussion. First, we may
note that simulations and data alike suggest that the cometary
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Fig. 8. LAP current increase as a function of flare EUV irradiance increase for (left) solar flares identified from the vantage point of Earth and
(right) for solar flares directed toward Mars. The red group in the left panel corresponds to the events that are easier to identify, while the blue
group corresponds to some larger events that are harder to identify because the plasma environment is more dynamic. The upper line is a fit to all
blue points. The error in the FISM v.1 and FISM-M EUV values is roughly 40% and the error in the LAP current increase is estimated to be of
similar size. In the left panel, R2 = 0.53 for the fit to the "clear" event and R2 = 0.41 for the "unclear events". In the right panel R2 = 0.12 for the
fit.
(as opposed to solar wind) plasma dominates at the Rosetta po-
sition during most of the mission (Edberg et al. 2015; Yang et al.
2016; Vigren et al. 2015; Nilsson et al. 2017; Heritier et al.
2017, e.g.). The observed plasma density followed the neutral
gas density well (Odelstad et al. 2015; Vigren et al. 2016; Ga-
land et al. 2016), but with much larger variations on timescales
shorter than the nucleus spin period, presumably due to inter-
nal plasma dynamics as observed in simulations (Koenders et al.
2015; Deca et al. 2017; Huang et al. 2018). This indicates that
local (or close to local) ionization is important, and because the
ionization source density (in units of m−3s−1) that is due to EUV
should be proportional to the neutral gas density and to the EUV
flux at relevant wavelengths, one might expect the dependence
of the plasma density on EUV flux to be as strong as the previ-
ously mentioned studies found on neutral density. However, Ga-
land et al. (2016) found that high-energy plasma electrons could
be more important ionization agents than EUV photons at low
comet activity. This was followed up by Heritier et al. (2018),
who showed in an extensive mission-wide study that EUV ion-
ization dominated only in the months around perihelion (13 Au-
gust 2015, at 1.25 AU). In our study, this corresponds to inter-
vals B and C in Figure 2, where we have many fluctuations in
the plasma and thus are often unable to determine if a flare con-
tributes to the plasma variations. The absence of evidence for a
correlation during the rest of the mission thus is consistent with
the EUV flux being of minor importance for the plasma, in line
with the above studies. However, it is interesting to note that this
holds true for variations on the relatively short timescale consid-
ered here because it suggests that the flux of ionizing electrons
is only weakly tied to the EUV flux, not acting only as a strongly
amplifying secondary effect to primary ionization by solar EUV.
While the effect on the plasma density is hard to observe,
the solar flares have a clearer effect on the photoelectron current
measured by the LAP instrument, at least for the few percent
of all flares when the EUV irradiance increase is large enough.
In 24 Earth-directed events (1.6% out of 1504) and 24 Mars-
directed flares with a higher-than-average increase in EUV ir-
radiance we can see that the photoelectron current increases by
a few nA, as shown in Figure 8. The photoelectron current in-
crease is not far above the general "noise" level in the data, such
that we generally require the EUV increase to be large and the
plasma conditions to be calm for the flare to be observable. The
EUV increase during the flares is seldom above 10 % (noting
again that we used a model to obtain the EUV irradiance, which
is only calibrated against some 30 flares and therefore not per-
fect). The EUV variation at Rosetta and 67P caused by the ellip-
tic orbit of the comet around the Sun is on the order of 500 %
during the Rosetta mission (Johansson et al. 2017), or in other
words, it is considerably larger.
On another topic, we may note that with a sudden change
in the photoelectron current from the Rosetta spacecraft and the
LAP instrument, we can assume that there will also be an in-
crease in photoelectrons emitted from any dust particle in the
coma. This will lead to an increased charge of that particle and
thereby increase electrostatic forces within it. We can thus spec-
ulate that some of the flares might cause a fragmentation of dust
particles as the electrostatic forces break up the dust grains into
smaller particles. This might explain some of the increased vari-
ability in the plasma density seen after some flares (e.g., 25 June
2016 in Figure 6). Such a speculative dust fragmentation could in
turn lead to a decreased EUV flux in the coma as the increased
number of particles would increase the total EUV absorption.
The effectiveness of such a process is somewhat difficult to esti-
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Fig. 9. Same as Figures 4, 6, and 7, but for Mars-directed flares.
mate and likely depends on a number of factors, such as the dust
size distribution, their individual photoelectron yield function,
charge state, solidity, density, and flow speed. We refrain from
exploring this further in this paper and rather only mention it as
an idea for further investigations in the future.
Although solar flares constitute a minor effect on the coma
in comparison to solar wind CIRs and CMEs, for instance (Ed-
berg et al. 2016b,a; Hajra et al. 2018; Noonan et al. 2018; Goetz
et al. 2018), they will at least affect the entire coma at the same
time because the coma is transparent to these wavelengths. This
means that any effect seen locally at Rosetta can also be expected
simultaneously in the entire coma, at least where the neutral,
plasma, and dust properties are similar.
7. Conclusions
We find that solar flares have a weaker effect on the cometary
plasma environment than other processes causing plasma vari-
ations, such as the solar wind and internal plasma processes.
They do increase the photoelectron current from the LAP in-
strument, typically by 1-5 nA for flares with irradiance increases
of up to 0.3 mWm−2 in the wavelength interval 10-120 nm. So-
lar flares are only detectable by LAP in 1.6% of all cases (24 of
the 1504 Earth directed flares) when plasma conditions are other-
wise steady. Twenty-four Mars-directed flares were also detected
by Rosetta. In a few cases the plasma density increases coinci-
dentally with a flare in such a way that it is possible that the flare
causes the density increase. It is generally difficult to distinguish
effects from a flare from other variations in the plasma, however.
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Table 2. Mars-directed flares that are observed to cause a noticeable effect at Rosetta. The stars indicate flares that are also observed by GOES and
are too far out on the limb to be included in Table 1.
Date and Time (UT) GOES Class Location ∆EUV [mW/m2] ∆EUV [mW/m2] ∆Iph0 [nA]
on Sun FISM v.1 FISM-M LAP
19 Oct 2014 02:15 C3.2 S17E46 * 0.01 1.1
20 Oct 2014 04:35 - - - 0.02 1.5
20 Oct 2014 09:01 M3.9 S14E42 0.06 0.02 1.8
20 Oct 2014 17:45 - - - 0.01 1.8
16 Dec 2014 00:08 - - - 0.02 5.0
30 Dec 2014 03:30 - - - 0.02 3.1
03 Jan 2015 17:30 - - - 0.02 1.5
09 Jan 2015 05:45 C3.4 S17E64 * 0.01 3.0
21 Jan 2015 04:30 - - - 0.02 2.9
21 Jan 2015 11:30 C9.9 S11E89 * 0.03 3.1
23 Jan 2015 18:15 - - - 0.03 2.0
28 Feb 2015 21:15 - - - 0.05 2.5
14 Jun 2015 00:52 M2.0 N14W73 0.29 0.03 3.0
27 Sep 2015 23:25 C7.9 S21W14 * 0.03 1.1
29 Sep 2015 03:11 M1.2 S08W78 0.22 0.05 0.9
29 Sep 2015 05:05 M2.9 S21W37 0.25 0.10 2.0
29 Sep 2015 06:35 M1.4 S20W34 0.16 0.02 2.2
29 Sep 2015 08:00 - - - 0.01 1.0
29 Sep 2015 11:09 M1.6 S20W39 0.25 0.04 2.3
30 Sep 2015 13:15 M1.1 S23W59 0.15 0.03 2.5
05 Oct 2015 11:45 - - - 0.08 3.0
08 Oct 2015 17:20 - - - 0.25 4.0
23 Dec 2015 08:00 - - - 0.01 3.0
30 Dec 2015 22:42 C4.3 S24W39 0.06 0.02 1.0
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